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1 REFACE

This report was prepared by W.M. Haas, Professor of Civil Engi-
neering, B.D. Alkire, Associate Professor of Engineering, and T.J.
Kaderabek, Graduate Research Assistant, of the Civil Engineering
Department, Michigan Technological University, Houghton, Michigan,
for the U.S. Army Cold Regions Research and Engineering Laboratory.

The study was funded under DA Project 4K078012AAMI, Engineering
Criteris for Design and Construction (Cold Regions); Work Unit 004,
Cold Weather Construction; Grant Agreement No. D)A-ENG-27021-73-G43.

The contents of this report are not to be used for advertising or
promotional purposes. Citation of brand names does not constitute an
official endorsement or approval of the use of such commercial products.
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I. INTRODUCTION

Present winter construction practices are almost universal in pro-
hibLting any type of earthwork that involves placing and compacting
irozen soils. These limitations are extremely costly to both the public
and private sectors of the economy. Studies have shown that the seasonal
unemployment rate in the construction industry is about double that of
all other industries, and elimination of the social and economic costs
involved in this under utilization of the work force is justification for
any attempts to lengthen the construction season (18). The additional costs
of idle equipment, delays in the use of the completed project, and
interest costs on borrowed money are further justification for seeking
a solition to the problems of winter earthwork.

The concept of winter construction is not new and many new techni-
ques and practices have been developed, particularly in the placiment
of concrete masonry. However, the technology of cold weather soil place-
ment and compaction has been stagnant, and present practices are based
on specifications that have been primarily developed on an empirical
basis.

Most state and federal agencies prohibit the placing of frozen soils
in embankments or fills. Yoakem (54) researched the present public and
private policy associated with excavation, placement and compaction of
soils for embankments and foundations and reported:

"Twenty-five of the forty-five highway departments which
replied to the questionnaire stated they do not construct
embankments using frozen soils during freezing weather and
they do not allow footings or pavements to be placed on
frozen ground ---- (The New York Highway Department in a
research report) ---- verified their previous findings that,
when soil temperatures reached 20 to 250 F, it was extremely
uneconomical and impractical, if not impossible, to achieve
specified densities."

As a specific example, the Michigan Department of State Highways,
using the pedological system of soil classification, rates soils into
five classes of suitability for winter earthwork. In a summary state-
ment the Michigan specifications state:

"Generally, sandy soils are well adapted to winter grading
because their free draining nature eliminates the problem of
excess moisture during compaction. --- However, for clay types
adequate compaction cannot be attained if the moisture content
is greater than approximately 2% over optimum."(12)

f . .... ..i ... .'........... ...' . . .... ... . -.... . .- '- . . . . . .. .. . ..' l . . • ..... . .



J,

In view of the fact that present specifications controlling winter
earthwork range from complete prohibition to limitations based on soil
type, it is necesswcMy to develop more rational methods for predicting
the relationship between compactive effort, temperature, moisture con-
tent and resulting dry densities.

To provide the information needed to develop a rational approach
to compaction of frozen soils, a research plan was implemented to study
several of the factors affecting compaction of frozen soils. The testing
program was designed to utilize conventional compaction techniques
(AASHO T99 or AASHO T180) to provide a base of information that would
be easily understood and could be readily compared to available re-
search results. Certain modifications in sample preparation and storage
were required to meet the objectives of the testing program.

The general research approach was to conduct a series of Standard
and Modified AASHO compaction tests on a selected soil at various tem-
peratures above and below 00 C. The tests at temperatures above freezing
(2 0 0C) were conducted to provide a frame of reference for comparing
tests results at low temperatures (-7 0 C). An additive (calcium chloride
or sodium chloride) was used in some of the tests to obtain possible
methods of improving winter earthwork techniques.

The initial objectives of the testing program were to seek quanti-
tative answers to the questions:

1. How is the dry density of a soil affected by below freezing
temperatures?

2. Is there an optimum moisture content for frozen soils compacted
at below freezing temperatures?

3. Does the use of an additive increase the dry density of a soi
compacted at below freezing temperatures?

4. How doem the additive affect the optimum moisture content?

5. Does the effectiveness of the additive change with temperature?

6. What is the optimum amount of additive?

For the soil tested, results obtained from this research program
indicated that: a) dry density of compacted frozen soil decreases in a
manner related to the amount of ice in the void spaces (ice saturation);
b) there is no discernible optimum moisture content for soils that are
compacted while frozen; c) additives can be effective in reducing the
detrimental effect of low temperatures on dry densities- d) if enough

2
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additive is used (approximately 2% for a temperature of -7 0 C), *he pore
water will remain unfrozen and low temperature has no effect on the com-
paction characteristics of the soil; and e) increasing compactive effort
has only a marginal effect on the dry densities of the compacted frozen
soil.

11n. REIWOF LITERATURE

The literature of soil compaction is comprehensive and covers a
wide range of topics. No attempt was made on this review to cover all
of the literature within this broad field. Rather, theories and dis-
cussions were selected that will be useful for understanding the material
presented in the remaining parts of the report. Four general areas are
of primary interest: a) the theories used to explain the compaction
process, b) the factors that affect laboratory compaction test results,
c) the use of additives &s an aid in compaction, and d) the frozen soil
system.

A. Mechanism of Compaction

Since the development of standard compaction tests in the 1930's by
Proctor, attempts have been made to explain the mechanism involved in
the compaction process. Theories developed progressively from IL mechanical
theory based on the lubricating effect of the pore water through viscous
water and physico-chemical theories to the unifying approach of the ef-
fective stress concept. None of the theories is completely satisfactory
for all soil types, but the effective stress concept is most likely to
provide a single valid explanation to the compaction process once the
experimental difficulties of measuring pore pressure in unsaturated
soils have been resolved.

1. Proctor's Theory

Proctor, in his landmark work, "Fundamental Principles of Soil
Compaction" (42), postulated that the dry density of a compacted soil
was affected by the pore moisture in two ways: a) by induced capillary
forces, and b) by lubrication of the soil particles.

In discussing capillary forces, he noted that the moisture in an
unsaturated soil was held tightly in place by surface tension. The
capillary forces that resulted from joined moisture tension films
caused high frictional resistance between particles and resisted com-
paction. The addition of water reduced these capillary forces and
permitted the soil particles to move apart more freely, thus reducing
"the frictional resistance. At the same time the capillary forces were
being reduced, the increased pore water lubricated the particles, further
reducing interparticle friction and allowing better compaction of the soil.

3
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Later investigation has shown that pore water doesn't necessarily
act as a lubricant; in fact, some materials (quartz and feldspar
minerals) show a submerged coefficient of friction five times the oven-
dry value. Thus, according to Proctor, a well graded quartz sand should
have its maximum density in the dry state, when in fact its moisture
density curve resembles that of other soils (40).

2. Viscous Water Theory

In another early attempt to explain compaction, Hogentogler (20)
preuented the viscous water theory of compaction. He recognized that
water is adsorbed onto the surface of soil particles, and stated that
the first adsorbed water layer was highly cohesive, with successive
layers decreasing in cohesiveness with increased distance from the particle
surface. He further reasoned that low water contents would produce
layers of high viscosity, resulting in high shearing strength which
would produce low dry densities. At high water contents the opposite
is true, as the adsorbed layers are thicker and less cohesive with low
shear strengths. Finally, at some water contents, above optimum, addi-
tional water can only act to lubricate the soil particles.

Thiu theory is no longer considered to be a valid explanation of
the mechanism involved in compaction. However, it is the first recog-
nition of the importance of the double layer effects on compaction.

3. Physico-Chemical Theory

Lambe (30), in the early 1960's, presented an explanation of the
compaction process for clays that involved surface chemistry and soil
structure. He stated that at low water contents a high electrolyte
concentration was present in the pore water. This reduced the osmotic
repulsion between particles and allowed flocculation to occur. Floccu-
lation was assumed to produce high strength and low densities.

As the water content is increased, the elecLrolyte concentration
of the pore water decreases, allowing the double layer to develop. This
produces a dispersed soil structure which permits the soil particles to
slide past one another forming a more compact configuration.

Seed et al. (44), in discussing compaction of cohesive soils,
concluded: "For a given density and water content the structure of a
clay determines the pore water pressures developed and these in turn
"determine the strength." They further stated that the structure of
clay is dependent on various physico-chemical factors such as molding
water content, electrolyte concentration and method of compaction.
Typically, on the dry side of ultimum water content a flocculated struc-
ture and low pore pressure are obtained. On the wet side of optimum, a
dispersed structure and high pore water pressure are the usual case.

4



4. Effective Stress Theory

In soil mechanics, shear strength is directly proportional to ef-
fective stress, where the effective stress is equal to the total stress
minus the pore pressure. This relationship is fundamental to understanding
the behavior of soils under imposed loads. Compaction, being another type
of loading, should also be related to the developed effective stresses.
However, compaction is done on unsaturated soil and evaluation of the pore
pressure requires a knowledge of the pressure developed in both the pore
water and pore air.

Birihop (5) studied the development of effective stresses in partially
saturated so:.ls and modified the basic expression for effective stress
to include a term, X, that varies with saturation. His equation for ef-
fective stress in unsaturated soil is

a o - uV (x) - ua(l-x) (I-1)

where

a w effective normal stress

a a total normal stress

Uw M pore water pressure

Ua a pore air pressure

X w coefficient that varies with saturation.

Langfelder and Nivargikas (32) suggested that the term involving
the pore air pressure is insignificant and eq 11-1 can be rewritten as

a 00- U wCX). (11-2)

In unsaturated soils, u is negative (capillary pressure) and becomes
less negative as the water content increases. The x-factor increases
from zero up to a value close to unity at the optimum water content.
Beyond the optimum, saturation is constant and X remains constant.
Using these qualitative observations, the development of effective stress
at various water contents can be described.

Olson (40ý4 in his effective stress theory of soil compaction, also
started with Bishop's equation and with the aid of Skempton's pore pres-
sure parameters defined the pore air and pore water pressures as:

*w a Bw B (Ao3 + Aw(6OI - Au3)] (11-3)

AUa B a [AC3 + Aa(A4 1 - 6a3) H

- _--. ... . .. 5 + .,.•, :•++ . ,: -+ ,• :! + : . : ,• •+ . . + ++ - • j= :

== . . . . .



! [

where

Au - change in pore water pressure*r W

Au a change in pore air pressure

* BwV Ba' AwV Aa - Skempton's empirical parameters

A0 a change in minor principal total stress
3

40; change in major principal total stress.

Substituting these equations into Bishop's equation results in an ex-
pression for effective stress in unsaturated soils. Obviously, the
resulting expression contains four parameters and the effective stress
for given compaction conditions can only be determined once these values
are known.

Seed et al. (44) defined pore pressure as a summation of two terms:
a) the pore air pressure ua; and b) the capillary pressure u # The pore
air pressure is determined using Boyle's law of compressibility and
Henry's law of solubility of air in water. The capillary pressure term
is developed by considering surface tension effects.

B, Factors Influencina Compaction Results

Compaction tests in the laboratory are subject to many factors that
cause variations in maximum densities and optimum water contents. Generally,
variations in test results can be caused by sample preparation techniques,
magnitude and method of compaction, equipment (mold size), soil properties
and test temperature (23). For a testing program conducted using standard
procedures (ASTM or AASHO), many of the factors will be significant
only if the results are compared with tests conducted using different
procedures, Some of the factors that affect compaction are not related
to test procedure and influence test results even if a standard pro-
cedure is used. Soil type, grain size and gradation, and test tempera-

* ture fall into this category. Since all tests conducted in this research
-- were performed on a single soil type in accordance with AASHO procedures,

only the effect of compaction energy and test temperatures will be
discussed.

S1. Compaction Eneria

The total energy applied to a soil (compactive effort) is the greatest
single factor influencing the maximum unit weight and optimum moisture
content in a compacted soil (23).

Compaction energy can be applied to the soil 1by impact, vibration
and kneading methods. For standard AASHO or ASTM test methods, the
compaction energy CE is applied by impact hammer, and the total energy
applied to a aample is determined from the equation

" ~6



CE (No. of layers)(No. of blows per layer)(Wt of hammer)(Drop of hammer)Volume of mold

For the Standard AASHO test procedure, using a 6-in. mold, the com-
paction energy is 12,375 ft-pcf. Modified AASHO compactive effort with
a 6-in. mold, is 56,250 ft-pcf.

Numerous tests have shown that increasing compactive effort increases
the muximum dry density and decreases the optimum water content for tests
on the some soil. The magnitude of the increase in maximum dry density
is a function of soil type and compaction procedure. For a sandy soil
(with an absence of different particle sizes), this increase is in the
range of 5-10 pcf when comparing Modified AASHO to Standard AASHO test
results.

It was noted that the compaction energ is a function of the number
of layers used in compacting the soil sample. This implies that an
equal amount of the total energy will be applied to each layer producing
a compacted sample of uniform density throughout. Thus, it is necessary
to carefully control the layer thickness during the compaction process
if test results are to be representative of the actual unit weight of
the soil.

2. Temerature

Highter et al. (19) recognized that low temperature compaction Is
approximately equivalent to reducing the effective compactive effort,
and found that a decrease in compaction temperature results in a decrease
in unit weight, degree of saturation, and undrained strength. They
"noted that cold but unfrozen soil may be successfully field compacted by
increasing the level of compactive effort.

Lee and Hsu (33) also investigated the relationship between water
content and temperature in unfrozen soil. Their research illustrated
that temperature variation had no significant influence on soils at low
water contents. The range of water contents showing negligible tempera-
ture effects is 0 to 7% for soils with a liquid limit (LL) less than 30
and from 0 to about 15% for soils with a LL greater than 70. As water
contents approach optimum, the effect of temperature has a more pro-
nounced influence on the results of the compaction curve. The effect
of temperature on the wet side of optimum water content was small for all
soils tested.

Other authors (7,24) also noted higher densities when test tempera-
tures were increased from near freezing to 75 0 F (240C). Typically,
increases in maximum dry density were from 3 - 5 pcf for granular soils,
and up to 11 pcf for some fine-grained soils.

7
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Johnson and Sallberg (23) found that when compacting a sandy soil
a decrease in dry density of 2 - 3 pcf occurred as a result of lowering
the temperature from 750 F to 4o0 F (240C to 50C). They also cited re-
sults from the compaction investigation shown in Figure II-l. This
figure depicts Standard aid Modified AASHO compaction curves for a fine
sand compacted at temperatures of 74, 30, 20 and 10OF (23, -1, -7, and
-12 0 C), and clearly shows the large reduction in soil unit wieght caused
by temperatures below 32 0 F (OC).

FIN, SAND WH SZILTt~l[/ ,."•' .. K stdl. CIPU•?.__

1437 "T LI/CU FT

OIFID FFORT
siaso FT L.C- or

100
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Kapler (27) obtained data from the Swedish Geotechnical Institute
on compaction studies of soils treated with chemioals down to temperatures
as low as -15 0C. These data show that at temperatures of O°C and lower
the dry unit weight of soils dropped significantly with decreasing tem-
perature and increasing water content.

C. Use of CalciuM Chloride in Compacted Soils

The effect of calcium chloride on soil compaction at temperatures
above freezing has been extensively researched (14, 22, 45, 50, 56).
The general results of these studies shows that higher densities and
lower optimum water contents are obtained when soils are treated with
calcium chloride.

Typically, Johnson (22) found that addition of up to 3% of calcium
chloride by weight of soil caused an increase in dry density for six gran-
ular soils of approximately 1.5%. In another research study (45), the
addition of 0.5ý of calcium chloride increased the dry density at optimum
water content for an unwashed bank run gravel by approximately the same
amount. Others (23,56) are in agreement on the effect of calcium chloride
an granular soil. However, the magnitude of the improvement in maximum
dry densities for granular soils is small, and Slate and Yalcin (45)
observed that the effect of calcium chloride was minimal when the amount
of fines in the soil was less than 5%.

Calcium chloride affects the soils in two ways: a) causing colloidal
reactions, and b) altering the characteristics of the pore water. The
most beneficial changes are due to altering the characteristics of the
pcre water by lowering the vapor pressure and depressing the freezing
point (55).

Gow et al. (14), considering only the fine-grained portion of the
soil, explained the compaction mechanism in terms of the diffuse double
layer concept. According to this concept the clay particles, with their
negative surface uharges and diffused layer of oriented pore fluid,
produce repulsive forces which resist the compactive energy and cause
low densities. As calcium ions are added to the pore water, the thickness
of the double layer is reduced, allowing the soil particles to come into
closer contact, thus resulting in higher densities. Continued addition
of calcium ions (or reduction in water content) depresses the double
layer until interparticle attractive forces are equal to the repulsive
forces (optimum water content). Beyond this point, the attraction of
soil particles causes flocculation of the soil and increased energy is
required to overcome the interparticle attractive forces.

Calcium chloride when added to water also increases the surface
tension of the resulting solution, increasing capillary pressure between
soil grains. The increased capillary pressure causes increased effective
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stresses within the compacted soil, resulting in lower unit weights (14).
This phenomenon is particularly important in the regions of low saturation
and may supplement the interparticle attractive forces due to double layer
effects.

D. The Frozen Soil System

The components of the frozen soil system include soil, unfrozen
"pore water, ice and entrapped air, The relationship between these
components and the proportion. of each affect the structure and mechanical
properties of the entire system. For a closed system with limited
moisture migration during the freezing process, the condition of the pore
water and its associated pore ice is the most important factor affecting
the behavior of frozen soils.

1. Pore Water

Unfrozen pore water may exist in soils at temperatures below the
freezing point in the form of water vapor in the pore spaces and double
layer water attracted to the surface of the soil particles (51). Water
vapor, which is important in explaining formation of ice lenses in soils
above the groundwater table, is known to exist even at temperatures as
low as -h40C (51). However, water vapor is not an important factor in
explaining the strength of frozen soils or their resistanoc to compaction.

Strength of a soil-ice system .Is significantly affected by the double
layer water under the influence of particle surface forces. At large
distances from the particle surface, thp attractive forces are quite
small, and the energy required to overcome them and crystallize the
water is provided by temperatures only slightly below 000. Typically,
temperatures of -0.2 to -1.20C are required to freeze this water. The
water that is attached directly to the surface of the soil particle is
held firmly by strong attractive forces and requires very large mounts
of energy to cause crystallization. This water may not freeze even at
temperatures as low as -186 0 C (51). The net result is that soils,
depending on specific surface area and net surface charge, may have from
5 to 50% unfrozen water even at low temperatures.

Pore water in sands is subject to the same particle forces as in
clayey soils, but sands have very small surface areas in comparison to
clays. Therefore, at any water content the freezing point of all pore
water is close to OC and at temperatures down to -10 0 C, only 0.2-2.0%
of the water remains unfrozen (52).

2. Pore i9

As the temperature is lowered below the freezing point of the pore
fluid, crystallization occurs and the strength of the soil increases sub-
stantially.

10



Vialov (52), in explaining the strength of frozen soils, listed
three mechanisms for development of shear strength of frozen soils. The
most important is the cementation resulting from bonding of ice crystals
to the soil particles. He noted that this cementation is highly variable
and is dependent on the amount and nature of the pore ice, which may be
affected by temperature, loading rate, direction of freezing and tempera-
ture history.

3. Strenath of Frozen Soils

The shear strength of frozen soil is dependent not only on the pore
ice, but also is a function of the type and amount of soil and other
enmponents in the system such as air bubbles, dissolved salts and organic
matter (13).

Jumikis (25) presented a summary of the unconfined strength of
frozen soils, reproduo'd in Table II-1. Using the data in the table, it
can be seen that in gený.,it' strength of frozen soils increases with: a)
increased water content, o) decreased temperature, and a) increased
particle size.

Table 11-1. Typical compressive strengths of frozen joils*

Soil Type Compressive strc,.Pkh (ka/cm2)

-10. C -200C

Fine sand, S1lO0% 120 -

Fine sand, So 75% 77 136

Fine sand, So 50% 52 109

Pure clay. Sul04% 55
* After Jumikis (25)

III.. EXPEM=AL MATEIALS A PmOCMUeHS

A. Soil

The soil seleoted for this investigation was one of marginal frost
susceptibility. It was obtained f.rom a site near the Houghton County
Airport, Houghton, Michigan. It was transported in bulk quantities from
its natural loastion to the testing site where it was blended and stored
in sealed barrels. The uniformity of the stored material was confirmed
by grain size analysis performed on selected samples taken from stored
soil. Typical results of these tests, plotted in Figure 111-1, show that
approximately 20% of the soil passes the #200 U.S. Standard sieve size,
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FIGURE 111-1 TYPICAL GPAIATION CURVE FOR THI. TEST SOIL,

with 4% of the soil bepnru finer thel 0.02 mm in effective particlediameter. The specific_ ravity of the soil is 2.69 and the permeability
is approximately 1 x 10"• cm/sec.

S~Texturally the soil is classified as a silty sand. The Unified
S~Engineering Classification is SM and the AASHO classification is A-2-6(0).

,: Using the Corps of Engineers criteria, the frost susceptibility classi-
fication is F 2(b), low to medium.

As an aid in reproducing field conditions in the laboratory,

several in situ field density tests were performed. These tests yielded
the following average values: dry density, 86.0 pcf; moisture content,
17.8%; and soil passing the #200 U.S. Standard sieve size, 20.8%.

B. Adities

Two additives were used in the course of the testing program. The
principal additive was a calcium chloride manufactured by PPO Industries,
Inc., Pittsburg, Pennsylvania. The salt is the high-test flake variety
with a calcium chloride vi.ntent of 94 to 97%. Several test series were
performed using sodium chloride as an additive. It was a high quality
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kosher pan salt obtained from the Morton Salt Company. It is approxi-
mately 99.5% pure sodium chloride.

Solubility and freezing point depression characteristics for pure
calcium and sodium chloride can be obtained from the International
Critical Tables (21) or the Handbook of Chemistry and Physics (17).
The freezing point depression characteristics for the two additives are
included in Table III-1.

Table 111-1. Temperature depression characterLstics for
calcium chloride and sodium chloride (17),

A*VACL A ~ CCACL 2A C

1.00 0.59 o.66
2.00 1..19 0.88
3.00 1.79 1,33

*4.oo 2.41 1.82
5.00 3.05 2.36

* 6.00 3.69 2.94
7.00 4.36 3.58
8.00 5.05 4,28
9.00 5.78 5.04

10.00 6.54 5.8,
10.58 7.00
11.00 7.33 6.73
11.28 7.00
12.00 8.16 7.69
14.00 9.93 9.81
16,00 11.88 12.28
17.92 15.00
18.00 14.o4 15.11
20.00 16.45

*A Anhydrous compound weight %, grams solute/l00 g solution.

C. Eluipment

1. Soil Loading Preps

When soils are compacted, it is necessary to apply enough compac-
tive effort to break down any large chunks of soi1 and prevent any large
voids from remaining in the compacted soil mass. For a soil that is
frozen, the compaction process is more difficult, since frozen soils
are usually a mass of chunks in which the individual particles are bound
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together by the cohesion of the ice. Since the size of the chunks that
result from excavating a frozen soil vary substantially with the exca-
vation method, soil texture and water content, an attempt to prepare
frozen samples that had essentially a constant size of frozen chunks
was developed.

A constant size was achieved by forming the individual chunks in an
ice cube tray. Each tray contained 36 tapered cubes with an edge dimen-
sion of 0,8 in. The soil used to form ea,.h of the chunks was pressed
into the trays with an air operated loading press. 'The press was con-
structed in the shop at Michigan Technological University and is activated
by an electrical relay which opens an air regulating valve. Once the
switch is activated, the press moves down and applies a predetermined
load to each of the soil cubes. The load was measured using a proving
ring. The concrete head of the loading press was constructed by using
one of the ice cube trays as a form so it would exactly fit the soil
cubes being loaded. A photograph of the soil loading press is shown in
Figures 1II-2A and 2B.

Although some variation can be expected using this device, the average
dry density of the cubes formed in the trays was close to 85 pcf'. As a
means of checking the effect of the prefreezing density on the compaction
of frozen soil, a series of identical tests was conducted using pro-
freezing densities of 81, 85, and 89 pcf. The resulting compacted frozen
dry densities are shown in Figure III-2C. This figure indicates that
the prefreezing density of the soil has at most a minor effect on the
resulting compacted frozen dry densities.

2. Mechanical Soil Commactor

All compaction tests, in the laboratory and in the coldroom, were
performed using a Soil test mechanical compactor, Berien CN-4230.
For Standard AASHO compaction, the compactor was used with a 6-in. mold
and a 5.5-lb hammer having a 12-in. drop. For Modified AASHO compaction
using a 6-in. test mold, the hammer weight was increased to 10 lb with
an 18-in. drop. The compaction mold, mounted on a circular base, rotates
automatically in a random pattern to ensure good coverage of the soil
surface. An automatic counter registers the number of blows per com-
paction layer and can be preset to stop the machine at a specified number
of blows. The compactor performed satisfactorily even at test tempera-
tures as low as -15 0 C. A soil sample being compacted in the coldroom
using the mechanical compactor is shown in Figure 111-3.

3. SadCone

After compaction has been completed, it is necessary to trim all
excess soil from the compaction mold. This process is impractical with
frozen soil, as striking off the mold with a steel straight edge die-
lodges material so that a level, void-free surface cannot be readily
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Figure 1I1-2A. Soil loading press and air regulator 5

Figure III-2B. Loading head and tray loaded with soil
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obtained. Campen (8) suggested a method which eliminates trimming, and
a similar procedure was adonted for the tests conducted on frozen soil.

In this method a cone of known vonlume is attached to the top of
the compaction mold. Then the cone and any space above the irregular
s'lrface of the coxnpacted sample ara filled with sand. By subtracting
the known volume of the cone from the total volume of sand used to fill
the cone and the space s'r"ve the compacted soil sample, the correct
vvlume of the soil in the mold can be calculated. The various volumes of
sand were deteainined by weighing the amount of sand used during the volume
determination and calculating the volume using an appropriate relation-
ship between weight and volume. Ca~ibration teots at -70 C proved the
limits of accuracy to be + C.25% c the vlwluxe of the mold. This results
in a possible error of ±_ 0P7 pof for ! •ample with a dry density of
100 pcf.

The sand cone is very sensitive to vibration, a limitation innate
to the device. Extreme cax was taken so all tests were vibration free.
A photo of the sand cone is shown in Figure ITI-4.

D. Testing Procedure

1. Compaction - Above Freezing, Temperature

When ccmpaction tests were conducted at a temperature of 2001, the
soil was compacted according to the procedure outlined in "ASHO T99 for
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standard compactive effort, or AASHO TI10 for modified compactive effort.
To follow these procedures, the soil was taken from the storage barrels,
weighed and mixed with an appropriate amount of water. The soil was
blended with an electric mixer until the moisture was uniformly distri-
buted. If an additive were to be used, it was added with the water.
After mixing, the prepared soil was sealed in plastic bags and stored at
room temperature for 20 hours prior to compaction. Compaction of the soil,
and the moisture and dry unit weight determinations, were performed in
the conventional manner according to the appropriate AASHO procedure.

2. Compaction-Below Freezing Temperature

The testing procedure at temperatures below OOC involved a number
of deviations from the conventional method of sample preparation and
testing. To prepare the soil for compaction, the water and additive
were mixed as outlined above. After mixing was completed, the soil
was placed into the ice cube trays to form the frozen soil cubes. Since
the trays were not rigid, a hardwood board was placed under each tray to
prevent flexure and facilitate the static loading process. The number
of trays required for each compaction test varied from seven to twelve,
depending on the water content and the amount of additive. Each tray
was subjected to static load by the soil loading press to achieve the
required prefreezing density of 85 pcf. The magnitude of the load de-
pended on the water content of the soil. All trays having a common water
content were placed together in individual wells on a sheet of Styrofoam
and moved to the coldroom for freezing at the selected test temperature.
By exposing only the top of the soil to the cold, freezing took place in
a unidirectional manner. Moisture loss in the coldroom was prevented
by sealing the prepared samples in plastic bags. The prepared samples
were allowed to freeze for 20 hours prior to testing.

Compaction in the coldroom began by removing the ice cube trays from
the Styrofoam wells and extracting the frozen soil cubes from the trays.
The total number of cubes of a constant water content was divided by the
number of layers required by the compaction machine. When compaction was
completed, the soil and mold were weighed.

If no additive was used at the time of preparation, trimming of the
frozen compacted samples was extremely difficult. In this situation
the volume of the compacted sample was determined by using the sand
cone method described above. When an amount of additive greater than
1.0% was used in preparing the sample, the pore water was not completely
frozen and the volume of soil was determined by conventional trimming as
in the AASHO test method.

Extracting the frozen samples for moisture determination was a
problem when the pore water was completely frozen. The problem was
alleviated by wrapping a heat tape around the compaction mold and fixing

18
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it with an adhesive tape. Applying standard wall current to the heat
tape melted enough of the ice on the outside of the soil sample so
the soil could be extruded frnir the mold after several minutes. Three
samples from each compacted specimen were taken to determine the average
moisture content. These samples were weighed and allowed to dry over-
night at a temperature of 1050C before the dry weights were obtained.

IV. EXPERIMENTAL RESULTS

The primary emphasis of the test program was directed toward
determining the effect of low temperature on the compaction character-
istics of soils. Other researchers (2, 19, 37, 39) have investigated
the effect of temperature on compaction in the region above the freezing
point of water, and some (23, 27) have noted results from compaction
tests on soils in which the pore fluid was frozen. From the results of
the other researchers, some general trends were anticipated, and the
experimental results presented herein duplicate parts of their investi-
gations. However, the tests conducted as part of this research included
an additional effort to determine possible compaction improvement
measures, primarily by using an additive, but also by increasing com-
pactive effort.

The experimental program was designed to determine the effect of a
number of variables on the compaction characteristics of a selected
soil. Possible variables included temperature, additive type, additive
amount, and compactive effort.

In order to study the effect of the several variables, a series of
compaction tests was conducted over a range of moisture contents while
holding all variables constant. Then one of the test variables changed
and the series was repeated. Each series of tests was duplicated
several times to obtain sufficient points to ensure only reasonable
laboratory variations. The results from each test series were calculated,
and the moisture-density relationship for a constant set of test con-
ditions was determined by a computer routine that used a least squares
curve fitting technique. The curves shown on all the graphs in this
section are the regression lines calculated and plotted by the computer.
To facilitate :omputer plotting, a common scale is used on all the
graphs. This causes the curves to appear flatter than would be normally
expected.

A. Compaction Tests (+20 0 C)

The initial phase of the testing involved compaction of the soil
at room temperature and Standard AASHO compactive effort. This phase
of the testing was done to obtain the normal compaction characteristics
of the soil and to establish a frame of reference for the remaining
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parts of the test program. The results of this testing are shown in
Figure IV-1. The moisture-density curve has the shape expected for a
fine silty sand. The maximum dry density is approximately 107 pof at a
moisture content of 13.5%. The increase in dry density at low water con-
tents is typical of a soil with a large amount of fine sand (bulking),
and is related to the interruption of capillary forces and the large
effective stresses that go with these. forces.
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A large part of the excperimental program concerned the effect of
an additive on the compaction characteristics of the test soil. Calcium
chloride has been used extensively in the past as a soil additive; and
several series of teats were conducted to verify the results of wort~
done by others, and to note the effect of an additive on the soil mype
used in this program. Room temperature tests at Standard MASHO comn-
pactive effort were conducted using 1.0% calcium chloride. The effects
of the calcium chloride on the compaction characteristics are shown in
Figure IV-2. Compared to the untreated soil tested at the same tempera-
ture, the maximum density is 2 pef higher and the optimum moisture is
2.0% lower.

Increasing compactive effort will result in an increase in dry
density and a decrease in optimum water content for most soils. In
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Figure IV-3 is a plot of dry density versus water content for a Geries
of tests compacted using Modified MASHO compactive effort. The resulting
maximum dry unit weight is 111 pot at a water content of 11.5%. Corn-
pared with the standard effort curve, the increase in dry density is
modest but does follow the usual pattern of moving up and to the left.
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B, Cmpaction Test (-70C). Unfrozen Pore Fluid

When -the temperature of the soil is lowered, the pore fluid be-
comes more viscous and dry densities decrease slightly until the tempera-
ture of the pore fluid is lowered to the freezing point of the fluid.
With a further decrease in temperature, the pore fluid begins to change
to ice causing a substantial decrease in dry unit weight. However, it
can be shown that by using an appropriate amount of additive the freezing
point of the pore fluid will be depressed and the soil will compact
essentially the same as the soil tested at 20 0 C. For moisture contents
less the 20%, 2.0% calcium chloride will depress the freezing point of
the pore fluid below -70C. In Figures IV-4 and IV-5 are the compaction
curves for the silty sand treated with 2.0 and 3.0% of the calcium
chloride, respectively. The optimum water content and the maximum dry
density are essentially the same for each and are slightly less than
those for untreated soil compacted at room temperature.

Figures IV-6 and IV-7 are the results of Modified AASHO compaction

tests conducted at -7*C with 2.0 and 3.0% calcium chloride added to the
soil. Compared with the Standard AASHO test at the same temperature,
there is significantly more scatter in the dry densities, with an apparent
slight increase in dry density for the soil treated with 3% calcium
chloride. The results for 2% calcium chloride are not consistent with
the expected trend. Apparently, for this soil the fourfold increase in
compactive effort required for the modified method results in only
minimal or no increase in the dry densities. Further investigation is
needed to resolve this inconsistency.

Table IV-l gives the optimum water content and maximum dry unit
weights for the several test methods and indicates that the maximum
dry unit weight varies only by a small amount (10 pcf) for all the test
conditions used. It may be possible to obtain results with more signi-
ficant changes by using a different soil type.

C. Compaction Tests (-7 0C). Frozen Pore Fluid

When the compaction temperatures fall below the freezing point of
the pore fluid, it can be expected that dry densities will be reduced.

The results of a series of standard AASHO tests on soil that was
frozen prior to compaction are shown in Figure IV-8. In this figure
the temperature at which the soil was prepared and compacted was -70C.
This temperature was low enough to ensure complete freezing of all pore
fluid since the adsorbed layer of water is minimal in silty sand.
(Lamb* and Whitmen (31) calculated the adsorbed layer to contain approxi-
mately 1,5 x 10' % water for a medium sand.) The resulting curve of
dry density versus water content is bilinear with the intercept at a
water content of 3%. At zero watvr content the dry density is nearly the
same as for a soil that is compacted at a temperature above freezing.
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Table IV-1. Summary of optimum water content and maximum dry
unit weights for tests with unfrozen pore fluid

Temp. AASHO Max. unit wt. Opt. water
(")%Add Comp, effort (Dotf) (%)

+20 0 STD 107 13.5

+20 1 STD 109 11.5

+20 0 MOD ill 11.5

-T 2 STD 105 13.5
-7 3 STD 105 12.5

-7 2 MOD 101 14.0
- 7 3 MOD 106 13.5
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Using Modified AASHO compactive effort on this frozen soil results
in more erratic compaction data and the trends are less apparent.
Results of a series of Modified AASHO tests on an untreated soil prepared

,* and compacted at -T7C are shown in Figure IV-9. The regression line
in this figure is essentially straight; however, it was noted during
compaction of the samples that the increased compactive effort resulted

I in displacement of the particles rather than compacting them and the
results may not be completely indicative of the true effect of increased
compactive effort.
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FIGURE IV-I Low ITEN RATRE DRY ,ITY VERSUS W ATER CONTENT RESULTS USIIN NO ADDITIVE

AND MODIFIED AAHO CONACTIVE EFFORT (FROZEN PORE WAT1ER).

When the soil is treated prior to freezing with an additive, such
as calcium chloride, the salt dissolves and goes into solution. This
causes a depression of the freezing poin•t of the pore fluid. When not
enough salt hao been added to depress the temperature below the ambient
temperature, some ice forms in the pore spaces resulting in a decrease
in the compacted dry density. However, the amount of the decrease when
compared with that for a soil in which all pore fluid is frozen is less,

' ~and is a function of the amnount of additive used in preparation of the
sample. The effect of various amounts of additives on dry density can
be observed by comparing Figures IV-8 with IV-10, IV-1f and IV-12. *
Each of the latter figures represents a series of tests conducted on
samples treated with 0.25, 0.50 and 1% calcium chloride prior to lowering
the temperature to -7°C. There is a near linear relationship common to

T the various curves with dry density decreasing as water content increases.
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Modified compactive effort applied to a soil treated with 1% calcium
chloride results in dry densities that are lower than those obtained at
Standard AABHO compactive effortm at the swne level of treatment, This
appears to contradict what would normally be expected. The results of
several toet series are shown in Figure IV-13. It is believed that
laboratory difficulties in compacting the frozen chunks are the cause of
Lhe large decreases in dry density and the curves may be displaced from
their true location. Further testing will be required to verify this
observation.

D. Compaction Tests.-Miscellaneous

Several s ries of tests were conducted using a different additive
und temperature from those discussed above, The number of tests are
limited and additional data will be required to completely verify the
results of these tests. Figure IV-l4 shows the results of one series
of tests using 0.5% sodium chloride as the additive and Standard AASHO
compactive effort. At -j'0C the freezing point depression characteristics
of sodium chloride are esNentially the same as for calcium chloride.
ThLs being the case, the results should be the mame as for a soil treated
with 0.5% calcium chloride. By comparing the results with those in
Figure IV-ll, it can be seen that the regression lines are approximately
co-linear. A similar observation can be made concerning the effect of
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t nmperature. I-" a temp)erature lower than -70C is used it would be ex-
pected that a lhtrgur amoaut of additive would be required to produce the
same quantity of ice in the pore spaces. The results of a series of compac-
tion tests conducted at -15 0 C are shown in Figure IV-15. The amount of
additive is 1% and the resulting dry densities are close to the values
obtained from the soil treated with 0.5% calcium chloride and tested at -TOC.
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V. DIS3CUSSION AND INTerPRI'EATION OF RESULTS

A. Unfrozen Compacted 'Ooil, With Additives

For unfrozen compacted soils the relationship between the soil,
water and air can be determined directly from a standard compaction
curve. The characteristic shape of the compaction curve is well
known, and several authors (32, 40, U4) have explained the compaction
process in terms of the development of effective stresses.

Using this concept, the shear strength of a soil, and thus the
ability to resist deformation or rearrangement by the compactive effort,
is a funiction of the effective stress. For saturated soils the effec-
tive stress is defined by the equation:

a U -

where
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a * effective stress

a * total stress

u m pore pressure.

In a system of soil that is not saturated,'the pore pressure is a
function of not only pore water pressure, but also pore air pressure.
Seed et al. (44), in discussing the development of effective stresses
in compacted soils, noted that in unsaturated so•is where water is.
present as continuous film the pore water pressure is due to surface
tension effects, particle water absorptive forces, and osmotic pressure
differences, and is always negative. The pore air pressure, on the
other hand, is a function of the compressibility of ideal gases and the
solubility of air in water, and is always positive. The net result is
that total pore pressure may be negative for some compaction conditions
and positive for others.

When an additive, such as an inorganic salt, is added to the soil,
the basic mechanism of compaction is the same. However, the addition
of the salt offsets the osmotic pressure differences and causes the
compaction characteristics of a treated soil to be different from those
of an untreated soil. Johnson and Sallberg (23) in a summary state-
ment concluded:

"There is general agreement on the effect of calcium chloride on
soils that are essentially granular. These soils have shown a
consistent increase in dry unit weight due to the usc of calcium
chloride,"

In their study of the use of calcium chloride, the increases due to the
additive were quite small (less than a 2% increase in dry density).

Possible explanations for the increase in unit weight are: a)
reduction in surface tension in the pore fluid, b) alteration of the
double layer characteristics, and c) increased effective size of the
soil particles (23). None of these explanations appears to be satis-
factory for a silty sand treated with calcium chloride, since the double
layer erfects are minimal and calcium chloride increases, not decreases,
surface tension of the pore fluid. The exact cause of the increase in
dry density of soils treated with calcium chloride awaits the results
of future research. However, the compaction tests on the silty sand
conducted as part of this research showed the characteristic increase
in dry density when the sand was treated with 1% calcium chloride.

B. Frozen Compacted Soil, No Additives

For a soil with no additives and a temperature low enough to ensure
complete freezing of all pore moisture, the shear strength of the soil is
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dependent not only on the resistance of the soil, but also on the shear
resistance provided by the pore ice. It is well known that the strength
of ice is highly time dependent (51, 52, 57), but for the short loading
times involved in compaction procedures, it is reasonable to assume that
the resistance to compaction provided by the ice is constant. If this ob-
servation is valid, it can be expected that densities obtained from com-
pacting frozen soils are less than those obtained for unfrozen material by
an amount equal to the energy required to overcome the additional resistance
to rearrangement provided by the ice in the pore spaces.

Several researchers (1, 51, 57) have demonstrated that the shear
strength of the soil-ice materials is dependent on the amount of ice in
the void spaces. By extension, it may be possible to say that the density
of a compacted frozen soil should also be related to the amount of ice
in the pore spaces. This implies that the density of a compacted soil-
ice system would decrease as the water content increases, as has been
noted by Johnson and Sallberg (23). Unfortunately, the magnitude of the
decrease that can be expected has not been quantified. It seems unlikely
that the magnitude of the decrease in density resulting from compacting
frozen soil would be the same for all soil types, but the mechanism would
be the same regardless of the soil type; i.e., as water content increases
more ice is present in the pore spaces and, for a constant amount of input
energy, rearrangement of particles into a more compact configuration be-
comes less and less efficient. The validity of this observation can be
quickly checked by compacting a soil 4rozen at various water contents,
calculating the amount of ice in the sample and plotting the results.

In order to define the amount of ice in the pore spaces in terms
that are independent of soil type, the term "ice saturation" will be
used. Ice saturation is defined as the volume of ice in the pore spaces
divided by the total pore space (volume of voids), multiplied by 100.
Using the results from typical compaction tests, ice saturation can be
derived as follows, assuming the final moisture content and frozen dry
densities of the untreated soil have been previously calculated:

ICE -w

where
w Vhe e a volume of ice, ft3

ICEft w wf YdW a weight of water a w- V, lb.
f -

Y dry unit weight of soil, pcf

Yw w unit weight of water, pcf

V 0 total volume I 1 ft 3
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X a constant equal to the volume of ice per unit vol of water

wf = water content, %fw
dnd V M 1.0 - (V-2)

V a volume of voids
V

P * weight of solids - ¥d V lb.

0 = specific gravity of the solids.5

Combining and simplifying

ice saturation • s100 (yw G " Ms)

Wf X G
1 0 0 (Y w Go Yd)(

Ice saturation as defined in eq V-3 can be calculated for each
compaction test conducted on the frozen soil and the results can be
plotted on a graph of frozen dry density versus ice saturation. Typical
results from the experiment program are shown in Figure V-1. This graph
is bilinear (comparable to Fig. IV-8), extending up to a frozen dry
density that is approximately equal to the unfrozen dry density where the
ice saturation (and also the water content) is zero.

At zero ice saturation, the particles are in contact over a very
small area with no ice present and the resistance to rearrangement is
due to the frictional resistance at the soil particle contacts, As
the ice saturation increases from zero, individual particles begin to
accumulate water in the region of the intergranular contacts (Fig. V-2,
case I) and as the temperature decreases the water changes to ice. The
ice between adjacent particles increases the area of resistance to re-
arrangement by an amount proportional to the ice (Fig. V-2, case II).
The result is large decreases in dry density until all particles are
joined by a continuous layer of ice (Fig, V-2, case III). This condition
occurs at approximately 10% ice saturation for the silty sand. Above
this point the interparticle void spaces begin to fill with ice and the
net increase in area of resistance along a potential plane of sliding
is increased by only a small amount (Fig. V-2, case IV). The reavLt
is a smaller decrease in dry density as shown in the second pmrt of the
curve in Figure V-1. The decrease in dry density in this region is
continuous until all void spaces are filled with ice. Any further
increase in ice saturation beyond 100% results in soil partinles being
forced apart by the ice completely eliminating the frictional resistance
of the soil. The compaction of the material in this state would be de-
termined by the ability of the ice matrix to resist the applied energy.
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C. Frozen Compacted Soil, With Additives

When calcium chloride or some other inorganic salt is added to the
system, part of the pore fluid will remain unfrozen and the determination
of the amount of ice in the soil is dependent on some basic principles
of physical chemistry.

It can be demonstrated that when a solid substance is dissolved
in a solvent the freezing point of the resulting solution is lower% A.by
a certain predictable amount. The actual mechanism involved is dependen..

on "Raoult's Law," which states that: "Solutions of a solute in a solvent
lead to a lowering of the vapor pressure of the latter below that of a
pu-re solvent" (36). The result of a lowering of the vapor pressure can
be illustrated by using a vapor pressure-temperature diagram as shown in
Figure V-3. In this diagram the cublimation curve of the solid solvent
is AB, and BD is the vapor pressure curve for the pure liquid solvent.
At the freezing point B a given temperature To is required for equilibrium
of the solid and liquid phase. When a solute is dissolved in the solvent
the vapor pressure of the solution is lower (according to Raoult's Law)
and a new temperature T is required to produce equilibrium between the
solution and the solid solvent. The difference in temperature To-T is
the freezing point depression resulting from the addition of the solute
to the solvent. Solutions of calcium chloride and water will have lower
freezing points than pure water by an amount that is predictable based
on the composition of the solution A (grams of pure sulute/100 g of
solution). These values are available in the Handbook of Chemistry and
Physics (1.7).

-------- -- - ---

I A I

T To

TIMPIfATUM, KMIS C

FIGURE V-3 TEMPERATURE DEPRESSION RESULTING FROM A CHANGE IN VAPOR PRESSURE,
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A more unified approach to the problem of temperature depression
due to the inor anic salts can be obtained by means of a principle called
the phase rule (38). With this rule, the number of variables that affect
the equilibrium of mixtures can be defined and presented in the form
of a phase diagram, For a two-component system such as calcium chloride
and water, the resulting phase diagram is a simple eutectic system as
shown in Figure V-4, When using this diagram, it in possible to identify
the phase of the mixture that exists for any combination of temperature
and composition (pressure is assumed constant).

In this figure, A and C are the melting points of ice and calcium
chloride and line AB given the concentration of calcium chloride for a
saturated solution at temperatures between A and D. At temperature D
and composition 0 the solution is saturated with both water and calcium
chloride (eutectic point). Any lowering of the temperature below this
point will result in a solid material of certain composition. Above
temperature D and to the left of line AB is a region where solid ice is
in equilibrium with a saturated solution of calcium chloride and water.
A similar observation is true for the region to the right of line BC
except solid calcium chloride is in equilibrium with a saturated solution.

SA

J Tok---

J •SOIUTE ANO W SOLUTION

I IOI
II
S ! ISOL ID

a I 
o

CWOM ITION, A

F FIGURE V-4 PHASE DIAGRAM FOR A SIMPLE EUTECTIC SYSTEM,
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Fi
From a diagramn of this type it is possible to specify the conditions

under which ice is obtained and to describe the change in percentage of
ice in the pore space for various combinations of temperature and composi-
tion, 'For example, at composition a ani temperature T the solution is
saturated and any further lowering of temperature willoresult in the
formation of ice. Similarly, a decrease in composition at a constant
temperature T will result in the formation of ice. At the composition
of pure water A - 0 all of the solution will be frozen. The proportion
of ice to saturated solution at any temperature T can also be estimated
from the diagram. At temperature T and composition a the distance X
is an indication of the amount of iAe in the mixture and the distance Y
is an indication of the amount of saturated solution in the mixture
(composition Z). The percentage of ice on a weight basis is (X/(X + Y)) x
100 and from a suitably constructed phase diagram these values may be
scaled to the required degree of accuracy.

To use the results of the general discussion presented above for a
A specific problem, it is necessary to know the composition of the solution

that will result from various levels of treatment with an additive.
From the definition, the composition of a solution is the weight of
anhydrous compound/100 g of solution. For the test program conducted
herein this can be expressed as follows:

A m weight of additive/weight of solution) x 100.

Since the amount of additive used for any test series was based on the
dry unit weight per cubic foot, the weight of additive is the dry unit
weight of the soil multiplied by the percentage of additive divided
by 100. The weight of solution, assuming complete solubility of the
additives, is equal to the weight of water per cubic foot plus the
weight of additive. These definitions can be substituted into the
definition of A with the following result:

A % ADD x 100 (V-4)

where

% ADD - percentage of additive, by weight of dry soil

Wf a final water content of the compacted soil, in %.

This equation is independent of type of additive and can be solved
for various water contents and percentages of additive. The solution
to eq V-4 has been plotted on semi-log scale in Figure V-5. It is
apparent from this graph that for a given percentage of additive the
composition of the resulting solution decreases rapidly with an increase

* in final water content. Also concluded on this figure is the composition
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of a solution of water and calcium chloride required to reduce the freezing
point to -7 0 C (A-ll.2). For any combination of water content and percentage
or calcium chloride that falls above this line, all pore fluid will re-
main unfrozen and the compaction characteristics of the soil will remain
essentially the same as those for an unfrozen soil. (See Figure IV-5,
3% calcium chloride at -70C compaction temperature.)

If the combination of water content and percentage of calcium
chloride falls below a composition of ll.P at a temperature of -7 0 C,
the pore fluid will exist in some combination of ice and saturated
solution of calcium chloride and water. A more complicated analysis is
required to predict the resulting unit weight of the compacted soil for
this case.

As discussed above, the amount of ice in the pore fluid at any given
temperature can be calculated using a phase diagram. It can be shown
that the dry unit weight of soil that contains partially frozen pore
fluid can be related to the dry density of a soil in which all pore
fluid is frozen through an expression involving the percentage of ice
in the pore fluid.

100

60

I00

go 1o-
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FIGURE V-5 COMPOSITION OF THE PORE FLUID AS A FUNCTION
OF WATER CONTENT AND PERCENT OF AWITIVE.
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The "percentage of ice" is defined ad the weight of ice in the pore
g fluid divided by the total weight of pore fluid, multiplied by 100.

The weight of pore fluid is the weight of water plus the weight of addi-
tive. For a solution of calcium chloride and water, Figure V-6 is part
of the phase diagram showing the relationship between temperature and

i0

i I•CL, CACL2

J. I

,-1

IASAY SOL'A

I IA IIII I IA A I•

A, C0q•$SITION, I

FIGURE V-6 PHASE DIAGRAM FOR CALCIUM CHLORIDE AND SODIUM CHLORIDE,

composition of the solution. At a constant test temperature the percentage
of ice can be determined from this figure as follows:

P V - x 00 (V-)

VSOL

where

P = percent of ice in the pore fluid

WC w weight of ice in the pore fluid, lbWICE
"WSOL weight of pore fluid, water plus dissolved calcium chloride, lb

Also
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WCACL 2

A1 ,, X 100 (V-6)
H•2 0(T)+ WCACL2

And
WCACL 2

ASAT SOL WH 2OCSAT SOL)+* W C oo v-

where

A1  composition of pore fluid for given amount of additive at a
constant water content, %

ASAT SOL = composition of a saturated solution of calcium chloride and

water at the given test temperature, %

WOAI a weight of calcium chloride in the solution, lb

H (1) w weight of water in the solution for the given test conditions,
2 webh

W o wweight of water in a saturatod solution at the given testH2 0 (SAT) temperature, lb

For a given test, the weight of calcium chloride is constant and the
weight of saturated solution equals the weight of water in the solution
initially minus the weight of ice. Combining these observations and eqV-6 and V-7 will result in the following expressioni

A I (WHOft) + WCACl) A SAT (WH -OCW L WC AC,
2W10 1  2 2SA 2C

Rearranging results in

SA - A
P , ASAT SOL A I 1oo. (v-8)

ASAT SOL

The same expression can be used at any temperature and for anW additive
provided the phase diagram for the additive is available (the phase
diagram for sodium chloride is also shown in Fig V-6), This equation has
been plotted as percentage of ice versus final water content in Figure
V-7 for various combinations of temperature and percentages of additive,

i
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FIGURE V-7 PERCENT ICE VERSUS WATER CONTENT FOR VARIOUS ADDITIVES AND TEMPERATURES,

Once the percentage of ice in the pore fluid for the given test

conditinns is obtained, it is possible to obtain the weight and volume
relationship ftur any compacted sample. This Information is included in
Table V-lA, lB and iC for typical compaction tests for various test
temperatures, additive types and amounLs.

If the volume relationships for typical test conditions are plotted
a, shown in Figure V-8, a relationship between dry density of an untreated
frozen compacted soil and treated compacted soil can be observed. It will
be noted from the figure that for the tests conducted on soils without
an additive the volume of ice increases as the water content increases
and the volume of soil and volume of air decrease. For a soil that has
been treated with calcium chloride (or any other additive), the volume
of soil decreases as water content increases and the relationship is
approximately parallel to that of the volume of soil for tho untreated
soil. In addition, the volume of ice increases as water content increases.
However, the volume of unfrozen saturated solution in the pore spaces
is nearly constant.

Comparing the volume of ice at any given water content, it will be
noted that the volume of ice for the untreated sample is nearly equal
to the volume of ice in the treated sample plus the volume of saturated
pore fluid. This implies that for a given water content and compactive
effort a nearly constant volume of total solids (soil plus ice) will be
obtained.
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Table V-lA. Typical relationship between density, water content and
percentage of ice in a frozen compacted soil.

% Additive Unit weight Water content Composition of Percent ice in
pore fluid pore fluid

%ADD YdfA

No additive lo-7 0C

0 87 60 100
0 85 10 0 100
0 60 15 0 100
0 78 20 0 100

Calcium chloride TO-70C ASA 80L;11 *2  AT OL 1096

1 101 6 14.3 0
1. 98 10 9.1 19
1 94 15 6.3 44
1 89 20 4.6 5T

1/2 94 6 7.7 31
1/2 90 10 4.8 57
1/2 86 15 3.2 72
1/2 82 20 2.4 79

1/4 91 6 4.0 64
1488 10 2.4 79

l/4a 84 15 1.6 86
1/4 81 20 1.2 89

Sodium chloride TO-7 0C A SAT SOL a10e6  a SAT SOLM1 .077

1/2 93 6 7.7 27
1/2 89 10 4.8 55
1/2 85 15 3.2 70
1/2 81 20 2.4 77

Calcium chloride TM-150C A SAT BOLI'l8 .9 !kgT sOL u1.169

1 99 6 14 24
1 93 10 9.1 52
1 87 15 6.3 67
1 80 20 4.8 75
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Table V-lB. Typical weight relationships for a frozen compacted soil
with and without additives.

% additive Wt. of soil Wt. of solution Wt. of saturated Wt. of ice
s olut ion

%ADD WSOIL WSOL WSAT SOL wICE

(M) (lb) (ib) (lb) (Cb)

No additive ?--70 C)

o 87 5.2 0 5.2
o 85 8.5 0
0 80 12.0 0 12.0
o 78 15.6 0 15.6

Calcium chloride T--7 0C A SAT SOLull. 2  GSAT SOLO1.09 6

1 101 7.1 7.1 0
1 98 10.8 8.6 2.1
1 94 15.0 8.4 6.6
1 89 18.7 8.0 10.7

1/2 94 6.1 4.2 1.9
112 90 9.5 4.l 5.4
1/2 86 13.3 3.9 9.4
1/2 82 16.8 3.5 13.3

1/4 91 5,7 ý,il 3.6

1/4 88 9.0 1.9 7.1
S1/4 84 12.8 1.8 11.0
1/4 81 16.A 1.8 14.6

Sodium chloride T-70 C ASAT SOL-lO. 6  GSAT S0L"" 077

-" 1/2 93 6.o0 44 1.6
1/2 89 9,3 4.2 5.1
1/2 85 13.2 4.o 9.2
"1/2 81 16.6 3.8 12.8

Cmlcium chloride T-150C SOLf18.9 BAT SL-1.1 6 9

1 99 6.9 5.2 1.7
1 93 10.2 4.9 5.3
1 87 13.9 4.6 9.3
1 80 16.8 4.2 12.6
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Table V-IC. Typical volume relationships for a frozen compacted soil
with and without additives.

% additive Vol. of Vol. of ice Vol. of Vol. of solid Vol, total
soil saturated

solution
%AD VSOIL VICE VSAT SOL VSOLID VT

()(ft) (ft3 (ft) (ft) (ft)

No additive T1-7 0C

0 0.518 0.091 0 0.609 0.609
0 0.506 0.148 0 0.654 0.654
0 0.477 0.210 0 0.687 0.687
0 0.465 0.272 0 0.737 0.737

Calcium chloride TE-7 0r" A-SAT SOL" 1 1 ' 2  GSAT SOL"1 ' 0 9 6

0 o.602 0 o.1o4 M. 0.706
1 0,584 0.037 0.126 0.621 0.747
I 0.560 0.115 0.123 0.675 0.798
1 0.530 0.187 0.117 0.717 0.834

1/2 o,56o 0.033 0.061 0.593 0.654
1/2 0.536 0.094 o,06o 0.630 0.690
1/2 0.512 0.16)4 0.07T o0,66 0-733
,1/2 0.489 0.232 0.051 0.721 0,772

1/4 0.542 0.063 0.031 0,605 0.636
1/4 0.524 0.124 0.028 0.648 0.676
i/4 0.500 0.192 0.026 0.692 0.718
i/4 0,483 0.255 0.026 0,738 0.764

Sodium chloride TE.-70 C ASAT SOLI10'6 GSAT SOLOI- 0 7 7

1/2 0.554 M.029 m.o65 0.582 0.647
1/2 0.530 0.089 0.062 0.619 o.68i
1/2 0.506 0.161 0.06o 0.667 0,727

1/2 0.483 0.224 0.057 0.707 0.764

. Calcium chloride T'-150C . SA" O /9 AT sGol• 1 6

1 0.590 0.030 0.071 0.620 o,691
1 0.554 0.093 0.067 c.647 o.714
1 0.518 o.162 0.063 0.679 0.742
I o.477 0.220 0.058 0.704 0.763
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FIGURE V-8 TYPICAL LOW TEMPERATURE VOLUMETRIC RELATIONSHIPS.

When comparing soil volumes for a treated soil with those for an
untreated soil, the difference between the two is nearly equal to the
difference in the volume of ice for the two conditions. The actual
difference involume is slightly greater than the difference in volumes
of ice as can be seen in Figure V-8 by noting the difference between the
lines labeled V and V.nTI . This difference is a function of
the amount of atie'and deg eas the amount of additive decreases.
The nature of this difference is not known and wil.l require further
study to define its exact origin. However, using the volumetric re-
lationships shown in Figure V-8, an equation relating the dry unit
weight of an untreated frozen soil to the dry unlt weight of a treated
scil can be obtained:

-, ICE(O) ICE(T) + VSAT SOL(T) - Ka (V-9)

where

V () volume of ic in the untreated soil, ft 3

VICE(T) a volume uf ice in the treated soil, ft 3

VSAT SOL(T) a volume of saturated solution in the pore spaces
of the treated soil at the given temperature, ft3
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Ka - a correction factor (VB0LID(o)-VsoLID(T)) where
VSOLID(O) is equal to the volume of solids for the

untreated sample and VSOLID(T) is the volume of

solids for the treated soil, ft 3 .

But the volumetric relationships are:

VSOLID(o) VSOIL(O) + VI•E(o)
VSOLID(T) VSOIL(T) + VICE(T)

d1.09 0(o) (wf/1o)Vlc~ )"• (V-lO)
Yw

1.o9 T d(T) (Wf + % ADD P

1' 100 I\1001

V ICI(T) y (Vw1

•d(T) (f+ A)

VSAT SOL(T) w SAT SOL(V-12)

* Yd(T)

t/oLo C(v-a.)

SOIL(T) yw G

where % ADD a percentage of additive used in the treated soil samples

1.09 w ratio of volume ice to volume of 4ater for equal

weight of water

Sd(O) dry unit weight of the untreated sample, pcf

Yd(T) u dry unit weight of the treated sample, pef

W •f - final water content, %

.y unit weight of water, pcf
G w specific gravity of the soil

GSAT SOL o specific gravity of the saturated solution in the

treated samples

P percentage of ice in the treated samples.II

46

........... ......



Substituting the volumetric relationships into eq V-9 and defining the
term R, as the ratio of the treated dry unit weight to the untreated
frozen dry unit weight, results in the equation

Ru T)* 100l~~s v-R i, 1ooYd(O) +(G Wf + % ADD) (2.1 8 P SAT SQL +1 SL)

_____ 100 1001 i00 I00 SAT SOL)

For a given test on a known soil, several of these variables will be
constant. For eiample, at a test temperature of -7 0 C and with a constant
soil type, the spcvific gravity of the soil and the specific gravity of
the saturated solution are constants and eq V-15 can be calculated for
various values of W , P, and % ADD. Typical results of a calculation
of this type are shgwn in Figure V-9. For the selected conditions used
in this figure it can be seen that the percent of ice in the pore spaces
has the most significant influence on Lhe value of R. As expected, the
value of R approaches 1.0 as the value of ice (P) approaches 100%.
Physically, a value of P equal to 100% is impossible in a treated soil
since there would always be some saturated solution present in the pore
fluid. The curves of the various percents of ice terminate at a value ofW that is just high enough to depress the freezing point of the solution

the test temperature.

The figure also indicates that for low levels of treatment with
an additive the influence of the amount of additive is primarily in
changing the p6rcent of ioe in the pore fluid. Two levels of treatment
that produce the same percentage of ice result in essentially the same
value of R (the difference between a sample with a treatment level of
1% and 0.25% is approximately 0.02). This means that the predicted
dry unit weight for a sample with a 1% additive would be only 0.02 y 0)
less than the predicted dry unit weight of a soil with 0.25% treatment,
assuming equal percents of ice in the pore spaces. For a typical value
of Yd(O) of 80 pcf' this is only 1.6 pcf.

Typical results from the experimental program are summarized in
Table V-2. The actual values of R, listed in this table, were obtained
at selected water contents from the regression lines shown in Figures
IV-lO, IV-ll, IV-12, IV-14, and IV-15, and dividing by frozen dry
density of the untreated soil (from the regression line on Figure IV-8)

* at the same water 'ontent. The calculated values of R were obtained by
solving eq V-15 using the same water contents. The maximum difference
between any experimental and calculated value of R is less than 7%.

Since eq V-15 is independent of additive type, it should be valid
for Way type of additive. In addition, once a test temperature has
been selected and the specific gravity of the rusulting saturated solu-
tion has been obtained, the equation can be used for any selected test
temperature. Included in Table V-2 are calculated values of R for a
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FIGURE V-9 CALCULATED VALUES OF R FOR VARIOUS WATER
CONTENTS, PERCENT$S OF ICE AD AMOUNTS OF
ADITIVE,

test series performed ustng 0.!i% sodium chloride at -7?C aud another
series of tests using 1% ca..uium chloride at a temperature of -151C.
The actual and calculated vwlues of R are comparable in magnitude and
indicate that eq V-15 is also valid for these test conditions. Additional
testing using it variety of additives and several test temperatures will
be required to completely just.fy the use of this equation for all
additives and temperatures.

By selecting a series of water contents, eq V-15 can be used to
determine a family o4 vurves for dry dens.ty versus water content at
any level of treatment with an additive, These curves are shown in
Figure V-10. In this figure, the curve that describes any partiocular
level of treatment was obtained b) selecting a given water content and
calculating the percent of ice P using eq V-8. This value, along with
the known values of water content, GqAT tO , G and percentage of
additive, was substituted into eq V-15t btaln the desired value of
R. Then, knowing the frozen dr" density of the untreated Isoil at the
same water content (Fig. V-1) the treated dry density was obtained.
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For the range of water contents used in Figure V-1O, the curve for
a given level of treatment has itr; greatest curvature at low water
contents and asymptotically approaches th,. curve for the untreated soil.
This implies that the region of low water content is the most susceptible
to improvement by treating the soil with an additive. For example, at
a water conten' of 50% the calculated value of R for a. soil treated with
1.0% of calcium chloride is l.C3 compared with 1.18 at a water content
of 10%.
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FIGURE V-10 EFFECT OF CALCIUM CHLORIDE ON THE
DRY UNIT WEIGHT OF THE TEST SOIL
WHEN COMPACTED AT -7C.

Also shown in Figure V-10 ar- the actual experimental valuea obtained
for the treated moil* tested at -7TC. The experimental points are, in
general, clustered around the calculated curves. F~urther tests over a
much wider range of water contents will be required to vurify the general
applicability of eq V-15.

With the methods presented above the field engineer may easily
determine the effect of freezing temperatures on earthwork operations.
For the case where freezing of the pore water is -io be preveoted, the
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information required can be obtained from existing freezing point de-
pression characteristics. For example, with an overnight low of -150 C
and a soil with a water content of 10%, it will require at least 2% of
calcium chloride by dry weight of soil to prevent freezing of the soil.
This amount of additive would have to be applil,- and mixed into the soil
prior to the temperature lowering to below 00C.

For the situation where no additive is used or where insufficient
additive is used to lower the freezing point of the pore fluid below the
expected field temperature, it will be necessary to determine the re-
duction in dry density that might be expected. For this case a series
of compaction tests on untreated frozen soil at various water contents
will be sufficient to define a curve of the type shown in Figure IV-8.
With this cur~e and eq V-15, the resulting frozen dry densities for
any level of treatment can be obtained.

VI. CONCLUSIONS

The experimental program conducted as part of this study required
a large number of compaction tests on a single soil at various tempera-
tures and compaotive efforts. Of primary interest were the compaction
tests at -7'C, but a substantial number of tests were conducted at 200C
to establish a fram. of reference for the tests at the lower temperatures.
Additives (calcium chloride and sodium chloride) were used in some of
the tests to investigate possible methods of improving compaction of
soils at low tempera'ures, Based on the results of the experimental
program the followirg conclusions concerning the compaction of soil at
low temperature were obtained:

1. Dry unit weight of compacted frozen soil is less than the
dry unit weight of a soil compacted with the same effort but
at a temperature above the freezing point of the pore fluid.

2. Dry unit weight of compacted frozen soils is inversely pro-
portional to the amount of ice in the pore space (ice satura-
tion). For the soil tested the relationship between frozen
dry unit weight and ice saturation is bilinear. At the low
ice saturations the reduction in dry unit weight per unit
increase in ice saturation is much larger than at ice satura-
tions greater than 10%.

3. There is no apparent optimum moisture content for a soil that
is compacted while frozen. The highest dry density occurs at
zero wa,.er content.

S4. Additives can be effectively used to alter the compaction
characteristics of a soil prepared and compacted at tempera-
tures below nOc.
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S5. By using enough additive to depress the freezing point of the
pore fluJd below the test temperature, the compaction char-
acteristics of a soil tested at a temperature below O0C will
be essentially the same as for a soil compacted without an
additive at temperatures above 00C. For soils compacted in
this state, the optimum water content of the treated soil is
close to the optimum obtained for an untreated soil tested
at temperatures above 00 C.

:6, The amount of additive required to prevent freezing of the
pore fluid oan be obtained from the freezing point depression
characteristics of the additive. For calcium chloridf. and sodium
chloride these values can be obtained from Figure V-5.

7. For the condition where the pore fluid is neither completely
frozen nor entirely in the liquid state, the dry density of
a soil prepared and compacted at low temperatures can be re-
lated to the dry density of a soil where all pore fluid is
frozen through an expression involving the percent of ice in
the pore fluid (eq V-15). At constant water content, the
lower the amount of ice in the pore fluid the higher the
resulting dry density.

S. Modified AASHO compactive effort produced no significant
changes in the frozen dry densities compared with tests on the
swre soil at Standard AASHO compactive effort. This result
may be due in part to difficulties in compacting the single-
size particles used in this test program.

VII. RECOMMINDATIONS FOR FUTURE RESFWRCH

During the course of the research it became appartnt that, to
generalize the concepts presented in this report, several of the factors
that affect the compaction of a frozen soil would require further
investigation.

For the tests conducted on an untreated soil it was noted that
frozen dry density can be related to the amount of ice in the pore spaces
by a bilinear relationship between frozen dry density and ice saturation.
Teats on a different type of soil will be required to determine if this
relationship is invariant or is a function of the soil type. Of parti-
cular interest would be a soil with a large amount of clay sized particles,
since these are the types of soils that are presently considered to be
unoompactable while frozen. For a soil of this type test temperature
and freezing duration may have to be altered to obtain complete freezing
of all pore water, including the double layer water.
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For a soil treated with insufficient additive to lower the freezing
point of the pore fluid below the test temperature, it was observed that
the dry density was related to the frozen dry density of an untreated
soil. The relationship developed (eq V-15) was dependent on test tem-
perature. Additional testing at a lower temperature will be required
to prove the correctness of this approach, even though preliminary tests
indicate it to be correct.

Particle size and gradation are factors that are known to affect
the results of compaction tests. In the tests conducted herein only a
single particle size was used in compacting the frozen soils, For
field conditions a single particle size would be an exceptional case.
Further study on the compaction of frozen soil with a variety of frozen
particle sizes would be required to duplicate field conditions and to
determine the magnitude of the effect of the particle size on the
compaction results,

SThe use of an additive to improve compaction charafteristics of
soils at below-freezing temperatures appears to be a promising method of
offsetting the detrimental effect of such temperatures. Additional re-
search using a variety of additives may lead to the identification of
the least costly method of compacting soils at low temperatures.

TIM

53
* r - m ..........................- .. . .



VIII. BIBLIOGRAPHY

1. Alkire, B.D. and O.B. Andereland (1973) The effect of confining
pressure on the mechanical properties of sand-ice materials.
Journal of Glaciology, vol. 12, no. 66, p. 469-481,

2. Altschaeffl, A.G. and C.W. Lovell (1968) Compaction variables and
compaction specifications. Engineering Bulletin of Purdue University,
series No. 131, April, p. 116-133.

3. ASTM Standard methods of tests for moisture-density relations of
soils using 5.5 lb (2.5 kg) hammer and 12 in. (30.3 mm) drop.
1974, ASTM Designation D69§-70, ABTM Standards pt. 19, p. 308-313.

14. Batenchuk, E.N., G.F. Biyanov and L.N. Toropov (1969) Winter
construction from cohesive earth in the far north. Translated
from Russian, Israel Program for Scientific Translations, Jerusalem.

5. Bishop, A.W. (1961) The measurement of pore pressure in the,
triaxial test. Proceedings, Conference on Pore Pressure and Suction
in Soils, p. 38-V67

6. Bowles, J.E. (1970) Engineering properties of soils and their
measurement. New York: McGraw-Hill.

7. Burmister, D.M. (1964) Environmental factors in soil compaction.
ASTM., TP377, Symposiumn on Compaction of Soils, p. 47-66.

8. Campen, W.H. (19h8) Diucumsion, Proceedings. HRB, vol. 28,
p. 4 1M; also Zeigler, Edward J.., Effect of material retained onthe number 4 sieve on the compaction test of soil. Proceedings,

IB, vol. 28, p. 409-414.

9. Construction manual (1968) State of Michigan, Department of State
Highways, Lansing, Michigan.

10. Crory, F.E. (1973) Settlement associated with the thaving of
Permafrost. Proceedings 2nd International Conference on Permafrost,
USSR, July.

11. Department of the Army (1967) Backfill for subsurface structures,
Technical Manual TM 5-818-4, 8 December. p. 45-46.

12. Field manual9o soil enstlooring (1972) Michigan Department of
State Highways, Lansing, Michigan, July.

13. Goughnour, R.R. and O.B. Anderaland (1968) Mechanical properties
of a sand-ice system. Proceedings, vol. 94, ASCE, sm4 , no. 6030,
July p. 923.

.... -..



!1

14. Gow, A.J., D.T. Davidson and J.B. Sheeler (1961) Relative effects
of chlorides, lignosulfonates and molasses on properties of a soil-
aggregate mix. NRCHRB 282, p. 66-83.

15. Haas, W.M. (1955) Drainage index in correlation of agricultural
mile with front action and pavement performance. Highway Research
Board Bulletin 111, p. 85-98.

16. Haas, W.M. (1969) Soil conditions affecting cold weather con-
struction. Presented at Engineering Institute on Cold Weather
Construction, University of Wisconsin, Madison, Wisconsin, October.

17. West, R.C. and S. Selby, Eds. (1967) Handbook of chemistry and
physics. The Chemical Rubber Company, 18901 Cranwood Parkway,
Cleveland, Ohio.

18. Havers, J.A. and R.M. Morgan (1972) Literature survey of cold

weather construction practices. U.S. Army CPREL, Special Report
172, AD 745395.

19. Highter, J.A., A.G, Altschaeffl and C.W. Lovell Jr. (1970) Low
temperature effects on the compaction and strength of sandy clay.
Highway Research Record 304, p. 45-51.

20. Hogentogler, C.A. (1936) Essentials of soil compaction. Proceedings,
Highway Research Council, Washington, D.C., p. 309-316,

21. International Critical Tables, Part IV (1923) New York: McGraw-
Hill Book Company.

22. Johnson, A. Morgan (1946) The role of calcium chloride in com-
paction of some granular soils. Proceedings, HRB, vol. 26, p.
594-601.

23. Johnson, A.W. and J.R, Sallberg (1962) Factors influencing com-
paction test results. Highway Research Board Bulletin 319, p. 148,

24. Johnson, A.W. and J.R. Ballberg (1960) Factors that influence
field compaction of soils. Highway Research Board Bulletin 272.

25. Jumikis, Alfredo R. (1966) Thermal soil mechanics. New Brunswick,
New Jersey: Rutgers University Press.

26, Kaplar, C.W. (1971) Some strength properties of frozen soil and
effect of loading rate. U, S. Army COREL, Special Report 159,
AfDT26913.



27. Kaplar, C.W. (1971) Notes on visit to Norway and other west
European countries to discuss winter construction practices.
U. S. Army ORREL, Internal Report (unpub.).

28. Kersten, M.S. and A.E. Cox (1951) The effect of temperature on
the bearing value of frozen soils. Highway Research Board Bulletin
40, p. 32-38.

29. Lambe, T.W. and C.W. Kaplar (1971) Additives for modifying the
frost susceptibility of soils. U. S. Army CRREL, Technical Report
123, Pt. 1, AD721752.

30. Lambe, T.W. (1960) Structure of compacted clay. Transactions,
1SCE, vol 125, p. 682-705.

31. Lambe, T.W., and R.V. Whitman (1969) Normal stresses between
particles. Soil Mechanics. New York., John Wiley and Sons, Inc.

32. Langfelder, L.J. and V.R. Nivargikas (1967) Some factors in-
fluenoing shear strength and compressibility of compacted soils.
Highway Research Record 177, p. 4-21.

33. Lee, Peter Y., and D.C. Hsu (1973) Temperature e*fect on irregu-
larly shaped compaction curves of soils. Highway Research Record,
438, p. 16-20.

34. Linell, K.A. (1954) Investigation of the effect of frost action
on pavement supporting capacity. U. S. Army CRREL, ACFEL MP-2,
(unpub.).

35. Linell, K.A., F.B. Hennion and EF. Lobacz (1963) Corps of
Enginbers' Pavement Design in Areas of Seasonal Front, Highway
Research Record 33, p. 76-137.

36. Lovell, C.W. Jr., and M. Herrin (1953) Review of certain properties
and problems of frozen ground including permafrost. Snow, Ice and
Permafrost Research Establishment Technical Report 9, AD014616.

37. Lovell, C.W. Jr., and A.M. Osborne (1968) Feasibility of cold
weather earthwork, Joint Highway Research Project NO. 1, Purdue
University, Lafayette, Indiana, February.

• ,•38. Marion, S.H. and C.F. Prutten Principles of Physical chemistry,
3rd Ed. New York: The MacMillan Company.

39. Mitchell, J.K. (1969) Temperature effects on the engineering
properties and behavior of soils. Highway Research Board Special
Report 103, p. 9-28.

* .56

AkM.taM..d. UA.. ..a.a. .L,.~a~a~.aag ~- - ... *~ .a~



40. Olson, R.E, (1963) Effective stress theory of soil compaction,
Proceedings, ASCE, vol. 89, sm2, no. 3457, March, p. 27-45.

41. Osler, J.C. (196b) Studies of the engineering properties of
frozen soils, Proceedings, Commonwealth Defense Science Organiza-
tion Symposlium on Problems of Warfare in Extreme Conditions,
Ottawa, Canada, September.

42. Proctor, R.R. (1933) Fundamental principles of soil compaction.
Engineering-News-Record, vol. 111, no. 9, 31 August, NY, p. 245-248.

43. Sanger, F.J. (1969) Foundations of structures in cold regions,
U.S. Army CRREL, Monograph IZ-C4. AD694371.

44. Seed, H.B., J.K. Mitchell and C.K. Chan (1960) The strength of
compacted cohesive soils. Progeedings, ASCE Research Conference on
Shear Strerixth of Cohesive Soils, p. 877-964,

45. Slate, Floyd 0. and A.S. Yalcin (1954) Stabilization of bank-run
gravel by calcium chloride. Rtighway Research Board Bulletin 98,
"January, p. 21-il.

46. Slesser, C. (1943) Movement of calcium chlorid6 and sodium
chloride in soil. Proceedings. HRB, vol. 23, p. 460-468.

47. Skempton, A.W. (1954) The pore-pressure ooefftcients A and B.
0gotechnigue, vol. 4, p. 143-147.

48. Spangler, M.G. (1951) Soil engineering. International Textbook
Company, Scranton.

49. Thornburn, T.H. and R. Mura (1969) Stabilization of soils with
inorganic salts and bases: A review of the literature. Highway
Research Record 294, p. 1-12.

50. Tribble, J.F. (1944) IlechaniCs of calcium chloride treatments.
Proceedings, HRB, vol. 24, p. 492-497.

51. Taytovlch, N.A. (1960) Bases end foundations on frozen soil.
Highway Research Board Special Report 50 (A Translation from
Russian), Washington, D.C.

52. Vialov, B.S., Ed. (1965) The strength and creep of frozen soils
and the calculations for Ice-soil retaining structures. U.S.
Army CRREL, Translation 76, (unpub.).

53. Whitehead, C.F. and D. Ruotolo (1973) Ludington pumped-storage
* project wins 1973 Outstanding CE Achievement Awaru. Civil &riniering,

1973, p. 64-68.

57

.. .. ..'.



54. Yoakem, D. (1966) A survey of winter construction practices
earthwork, concrete and asphalt. U. S. Army CRELE Special Report

S76, AD801626.

S55. Yoder, E.J. (1947) The effect of calcium chloride on the compactive
effort and water retention characteristics of soils. Proceedings,
._B, vol 27, p. h90-504.

56. Yoder, E.J. (1954) Freezing-and-thawing tests on mixtures of soil
and calcium chloride. Highway Research Board Bulletin 100, January,
p. 1-11.

57. Yong, R.N. (1963) Soil freezing considerations in frozen soil
strength. ProceediDgs. Permafrost International Conference.
National Academy of Science - National Research Cooncil Publication
no. 1287, p. 315-319.

I5

*U3. GOVARNMKN-1 PAINTING OFPIfM: 1973 - A.1093/12E


